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• Regional electricity price differences are more important than building type when considering PV economics. On average, system economic performance varies 30% by building type. Buildings with relatively large rooftop area and lower energy consumption tend to yield higher-than-average solar value. Regionally, PV system economics vary by a factor of 10, with the most economically attractive locations having the highest average electricity prices.
• The best electricity rate for a business depends on the amount of PV capacity installed relative to the building's electricity load. The rate structure that minimizes the business's electricity expenses prior to a PV installation still remains the best rate after a PV system is installed, as long as the system is small compared to the business's electric load. Other rates provide greater value than the initial rate for larger PV system sizes (see Figure ES -1 for an example).
• Rate structure elements impact PV economic performance, with energy-only rates being most favorable. On average, energy-only rates were found to increase solar value by 13%, versus rates with demand charges. Flat energy-only rates were found to be the most favorable, while rates that combined demand charges with tiered rates were found to be the least favorable.
vii 
List of Figures

List of Tables
Introduction
Businesses are increasingly considering solar technologies as a way to help offset a portion of their annual energy expenditures. Many commercial buildings have large, flat roofs that could allow for solar photovoltaic (PV) systems capable of generating a significant portion of their annual electricity needs. However, the value of this generation is highly dependent on the business's electricity rate. Utilities often offer a choice between multiple rate options. Understanding conditions for optimal solar value requires an analysis of the interaction between the building electric load, the amount of PV generation, and rate structure. The availability of high resolution data (i.e., hourly or sub-hourly resolution) is essential when determining the impacts of time-of-use (TOU) rates and demand charges. These considerations may present a challenging task for businesses that are trying to determine whether or not solar makes economic sense for their building. In this study, we evaluate the impacts of regional electricity prices and building type on the economics of solar PV systems.
A variety of analyses on the impacts of rate structures on the economics of PV systems have been conducted, including the evaluation of the residential sector (Darghouth et al. 2010 ) and commercial sector (Wiser et al. 2007) in California. Commercial rate structures have also been evaluated for specific building categories, such as office buildings (Ong et al. 2010 ) and schools (Ong and Denholm 2011) . This report adds to the literature by providing a national-scale evaluation of the impacts of commercial rate structures across a variety of building categories.
In this study, 207 rate structures from 52 electric utilities are evaluated. These rate structures were used to assess solar value and annual savings for 16 different building types. Rate impacts are dependent on individual building load profiles, which vary from one location to another. PV performance trends and relative bill savings are reported across all rates, building types, and locations evaluated. These results are not intended to represent any specific customer. Businesses considering a solar installation should evaluate their facility's unique load profile and use this report as a guide to analyze the potential impacts of a PV system.
Data and Methodology
Data and Methodology Overview
The complex interaction between building load, solar production, and electricity rate structure requires a model that can simultaneously process all elements involved. The System Advisor Model (Section 2.5) is used to generate solar production and bill savings results from a variety of inputs, including: hourly building load data (Section 2.2), utility rate data (Section 2.3), and meteorological data (Section 2.4). The following sections provide details on the data and methodology used in this analysis.
Load Data
Building load datasets are important components in any rate structure analysis that includes demand charges and tiered rates. Demand charges (defined in Section 2.3) are usually based on the peak monthly power demand of a building; consequently, quantifying the demand reduction value of a PV system requires a load profile. Load profiles are also required when evaluating tiered rates and demand charges, where rates vary depending on monthly energy usage. This analysis uses load profile data for 16 building categories from the U.S. Department of Energy (DOE) commercial reference building models (Deru et al. 2011) , which were simulated using the EnergyPlus simulation software.
1 All loads and buildings for the benchmark models were simulated under typical meteorological year 3 (TMY3) conditions. TMY3 is a dataset of the National Solar Radiation Database (Wilcox 2007; Wilcox and Marion 2008) . For consistency, TMY3 conditions were also used when simulating PV performance. Section 2.4 contains more information about the TMY3 weather data. Load data were simulated for 77 locations throughout the United States. Locations were selected from the largest utilities in each state and chosen to represent all climate zones in the contiguous United States. Figure 1 shows the locations analyzed and official climate zones recognized by the American Society of Heating, Refrigeration, and Air Conditioning Engineers (ASHRAE). Sixteen building categories were simulated for each of the 77 locations, resulting in 1,232 unique load profiles used in this analysis. Table 1 summarizes each building type used in this study. The simulated building data includes aggregated hourly load profiles for all electrical loads associated with each building and includes smaller loads such as plug loads. The total hourly electrical load of each building was entered into the System Advisor Model (SAM).
2 See Section 2.5 for SAM details. Figure 2 and Figure 3 show select examples for simulated hourly office load data during the last week of March and the second week of July, respectively.
2 Demand charges are usually measured and billed according to 15-or 30-minute time increments. The lack of 15-minute data resolution for this analysis may present an overestimation of a PV system's ability to offset demand charges. This could occur if the hourly data masks or smoothes sub-hourly spikes and dips in demand and production. 
Building
Rate Data
A total of 207 rates from 52 utility companies were evaluated. 3 These rates were obtained from the online Utility Rate Database (URDB) on the OpenEI platform 4 and from utility tariff sheets. This study assumes that PV energy production is compensated at the retail electricity rate for all energy produced, up to 100% of the building's annual electricity usage. 5 The utilities offer various commercial rate structures for different load sizes and types. In this analysis, we consider standard rates and optional rates. A standard rate refers to a rate that a building would be subject to by default, based on applicability requirements such as peak demand, voltage requirements, or energy consumption. An optional rate refers to a rate that customers may choose in lieu of the standard rate option. Smaller loads typically have more rate choices than larger loads because smaller users may sometimes choose to be on rates designed and made mandatory for larger loads. In some cases, larger facilities with solar installations have the option to use rates designed for smaller facilities. Eligibility criteria were obtained for each rate evaluated and were considered when calculating utility bills for each building type. Figure 4 illustrates the eligibility range for 22 utility rates in California, based on building demand in kilowatts (kW). Some rates are not applicable to all buildings, and they were not considered in the rate and cost impact calculations, though they were still analyzed for reference purposes. For a complete list of utility rates evaluated and their respective eligibility requirements, see Appendix A. Various utility rate elements are used throughout the United States. The most common rate elements (Ong et al. 2010 ) include the following:
• Customer Charge. A fixed monthly charge that is independent of energy use. Customer charges typically range from $10 for small businesses to over $1,000 for large facilities.
• Energy Charges. Energy charges are rates based on energy consumption, usually in dollars per kilowatt-hour or cents per kilowatt-hour.
• Demand charges. Normally included with energy charges in applicable rate structures, demand charges charge customers for their peak power (kW) usage. Demand charges can also be fixed or vary by season or hour.
• Flat rates. Fixed cost of electricity that does not vary except for fuel cost adjustments and other fees.
• Seasonal rates. Rates that vary by season. A typical seasonal rate structure has a lower rate for winter months and a higher rate for summer months.
• Time-of-use rates. TOU or time-of-day rate structures usually vary 2-4 times a day. A typical TOU rate has a lower cost at night, a higher cost during the late afternoon, and an intermediate cost during the mornings and evenings. The term "on-peak" or "peak" is generally used to describe hours with higher prices, while "off-peak" is used to describe hours with lower prices.
• Tiered or block rates. Tiered rates typically refer to rates that increase with increasing electricity usage, while block rates typically refer to rates that decrease with increasing electricity usage. Block rates are most common in the form of energy charges; however, tiered demand charges are also used.
Utilities may combine multiple rate elements within a single rate structure. Demand charges are typically combined with other rate elements for commercial tariffs. Table 2 provides a summary of rate elements from the rates used in this report. For a complete list of utility rates evaluated and their respective rate type, see Appendix A. 
Solar Resource Data
The PV production data used in this analysis were simulated using the TMY3 dataset of the National Solar Radiation Database (Wilcox and Marion 2008) . The TMY3 dataset is intended to represent a typical year's weather and solar resource patterns, though the dataset does not consist of an actual representative year. Rather, TMY3 was created by combining data from multiple years. 6 The meteorological dataset was used as an input for SAM, which simulated hourly PV production for use in the financial calculations.
System Advisor Model and Technical Calculations
Developed by the National Renewable Energy Laboratory (NREL) in collaboration with Sandia National Laboratories and DOE, SAM is a performance and economic model designed to facilitate decision making and analysis for renewable energy projects (Gilman and Dobos 2012) .
The TMY3 meteorological data was provided as an input for SAM, which uses a performance model and user-defined assumptions to simulate hourly PV generation data. The following assumptions were used when generating the PV performance data:
• Tilt of 15 degrees
• South facing (180-degree azimuth)
• A derate factor of 85%
• Annual degradation of 0.5%.
In addition to the meteorological data, hourly building load data and utility rate data were given as inputs for SAM. A rooftop PV system was simulated for various penetration levels ranging from 0% (no PV system) to 100% (PV system generates the same amount of energy as each building's annual electrical energy consumption 7 ) in increments of 5%. PV penetration is defined as the percentage of a facility's annual electrical energy consumption that is met by a PV system. The value of the PV system's generation under various penetration levels and rate structures was evaluated by comparing the buildings' annual electricity costs both with and without the PV system in each scenario. Any resulting difference from the comparison was attributed to the PV system.
Bill Savings and Solar Value Calculations
Solar value provides insight into the value of the energy the system is generating. Solar value is calculated as follows: Figure 5 illustrates the value of a rooftop PV system on a secondary school building using Pacific Gas & Electric (PG&E) rates under different penetration levels. Rate A-6 yields the greatest solar value at $0.23/kWh, far above the other rate structures. Rate A-6 is a very expensive rate, with summer afternoon prices approaching $0.45/kWh. Although this gives high value to a PV system, a school switching to this rate from a less-expensive rate experiences an increase in total electricity cost, causing net losses rather than savings. Evaluating a rate structure in isolation without considering net bill impacts or other rate structure options is insufficient when conducting a rate analysis. In order to accurately assess the value of PV under each rate structure, it is necessary to compare the building's annual electricity costs without PV using the least-cost rate. The least-cost rate is the rate that minimizes annual electricity expense. This allows for the proper assessment of solar value in relation to the building's lowest cost option prior to the PV installation. This calculation can be expressed as the following equation: Figure 6 shows how the solar value chart changes once we employ the net solar value calculation method. This is a significant change from the previous chart, showing that rate A-6 is no longer the most attractive rate at all penetration levels. Many rates yield a negative value when PV penetration is small. This is because switching to these rates from rate A-10 (the best or leastexpensive rate option without PV) increases the building's annual energy cost, despite having a small rooftop PV system. Though the PV system is still providing value to the building, it is not enough to overcome the increase in cost associated with switching to a more expensive rate. The result is a net annual loss for the building. At higher solar penetrations, the increase in solar value (under rates with high energy charges and high daytime rates) is enough to offset the cost increases from switching rates, yielding a net savings. All subsequent mentions of solar value or PV value in this paper refer to the net solar value metric above. It is important to note that we do not consider impacts of system cost in this analysis. Businesses may purchase the system with cash, finance the system through a loan, or use third-party financing such as a power purchase agreement (PPA) or solar lease. In order to assess the economic feasibility of a solar project, it is necessary to evaluate both the costs and benefits that the PV system provides over time. Several metrics that are used to evaluate economic performance of PV systems include, but are not limited to: break-even cost, internal rate of return, simple payback period, and net annual bill savings. Several reports have described or used these metrics to evaluate rooftop PV systems (Denholm et al. 2009; Ong and Denholm 2011; Short et al. 1995) .
Results
The impact of rates, building types, solar penetration, and location was evaluated across 1,232 unique datasets. The aggregated results show trends across major categories. Furthermore, the aggregated results only consider the best rate choices: reported averages do not include results from sub-optimal rate options. Detailed results for each building type, location, and rate (including sub-optimal rate choices) are provided in Appendix A and Appendix C.
Net Value of Solar
We examine the distribution of the net solar values calculated for PV penetration levels that yield the highest net solar value. Figure 7 compares the net solar value distribution with the distribution of electricity prices evaluated. On average, the solar value at each location is $0.03 lower than the least-cost retail electricity rate without solar. The lower solar value is a result of the prevalence of demand charges in the rates used for this study. Seventy percent of all rates evaluated utilized demand charges, which typically reduce solar value (Ong et al. 2010 ). Figure 8 shows the average solar value for all building types evaluated. Although solar value varies up to 30% by building type, the location is a bigger driver of solar value differences. Figure 9 shows the average solar value by location, with error bars designating differences due to building type. The primary driver of solar value by location is regional electricity price, and not solar resource. For example, New Orleans's solar resource is 13% greater than Green Bay, Wisconsin. Yet, the net solar value in Green Bay is 440% greater than in New Orleans. 8 Solar resource in the United States varies by less than a factor of 2, while our results indicate that solar value vary by more than a factor of 10. Figure 10 shows the average solar value by six of the most common commercial rate structure combinations evaluated. On average, flat energy rates produce the highest solar value. Flat rate structures with demand charges reduce the average value by 17%. Tiered rates with demand charges result in a 21% reduction in value compared with energy-only tiered rates. TOU rates with demand charges, however, demonstrate a 6% increase in solar value compared with energyonly TOU rates. 
Impact of PV Building Penetration
Building load profile, utility rate structure, and solar generation interact such that the value (per kilowatt-hour) that a PV system provides is dependent on PV penetration. PV penetration is defined as the percentage of a facility's annual electrical energy consumption that is met by a PV system. Table 3 shows the PV system size required to reach 100% penetration for each building type, averaged over all locations. Regions with higher solar insolation will require slightly smaller system capacities, and those with less sunlight will require larger capacities. For reference, the maximum rooftop penetration was estimated for each building type 9 and provides an approximate solar penetration value, should the PV installation be limited to the building's rooftop area. This analysis evaluates penetration levels from 0% to 100% because a building's PV system location is not limited to the rooftop area but may be installed on awnings, facades, parking garages, and other structures. 9 An estimate for maximum rooftop solar capacity is calculated by assuming a 14% module efficiency (140 Watts per square meter) and utilization of 50% of the total rooftop area (to account for potential obstructions due to HVAC equipment and other infrastructure.) Each building's rooftop area is assumed to be equivalent to the floor space area. For multi-story structures, the total rooftop area is assumed to be equivalent to the area of a single floor. 10 Note that placing PV systems on facades and other structures with sub-optimal orientation are likely to have lower PV performance (James et al. 2011) . Our results indicate that in many cases, a single rate structure option has the highest solar value for all penetration levels. An example of this is shown in Figure 11 (for a strip mall in Houston, Texas), where rate GS provides the highest net solar value. The declining solar value with increasing penetration is due to the inability of solar generation to offset demand charges that occur during non-sunlight hours (Wiser et al. 2007) . Figure 12 shows an example of one rate structure providing the highest solar value for low penetrations (rate A-10 TOU), while another rate structure becomes more valuable at higher penetrations (rate A-6). The scenario in Figure 11 shows that the highest solar value occurs at the smallest penetration, while Figure 12 shows the highest solar value at the maximum penetration. Note: Dotted lines represent rates that are not applicable to this building and are included for reference purposes only. Figure 13 shows the distribution of optimal penetration levels for all locations and building types evaluated. The highest solar values occur at very small penetrations in 63% of cases, while they occur at maximum penetration 26% of the time. This pattern occurs because under most demandbased rates, smaller PV penetrations yield greater value (Wiser et al. 2007 ), while TOU rates favor large PV penetrations due to the coincidence of high rates and solar resource (Ong et al. 2010 ).
Figure 13. Distribution of optimal penetration levels for all locations and building types evaluated
It is important to note that the data in Figure 13 represent shallow optimums. Figure 14 compares all solar values relative to the highest solar value, averaged for all locations and buildings. Results indicate that even "least-optimal" penetration levels are still within 85% of the highest solar value at the optimum penetration. 
Conclusion
An evaluation of 16 different building types across 77 locations reveals that PV system value is highly dependent on the host building's rate structure. Although PV system economic performance may vary up to 30% by building type, regional electricity price differences are the primary driver of solar economics across the United States, causing solar value to vary by a factor of 10. System economics-under current net-metering rules-favor TOU rates and rates with little or no demand charges. This analysis found that there is often no single best rate. Rather, the most economical rate depends on PV penetration level with reference to the building electricity load. Optimal penetration levels are most often either very small (5%) or very large (100%), although penetration level effects are shown to exhibit shallow optimums.
These results identify general relationships between rate structures and PV installations on commercial buildings. This rate analysis applies to simulated load profiles (see Section 2.2) and is not intended to represent all buildings in the United States. Recommendations for future studies include identifying the impacts of potential changes in net-metering rules and evaluating additional sensitivities that have an impact on system economics, such as financing options and PV array orientation.
Appendix A LGS   $0.070 $0.063 100-1,000
LGS LGS-1   $0.089 $0.083 5-300
LGS-2   $0.073 $0.072 300-1,000
LGS-3   $0.081 $0.085 1,000 and Up
LGS-X   25,000 and Up LGS   $0.065 $0.057 300-2,500
Consolidated
LGS 
